Populations of the potato and tomato late-blight pathogen Phytophthora infestans are well known for emerging as novel clonal lineages. These successions of dominant clones have historically been named US1 through US24, in order of appearance, since their first characterization using molecular markers. Hypothetically, these lineages can emerge through divergence from other U.S. lineages, recombination among lineages, or as novel, independent lineages originating outside the United States. We tested for the presence of phylogenetic relationships among U.S. lineages using a population of 31 whole-genome sequences, including dominant U.S. clonal lineages as well as available samples from global populations. We analyzed ancestry of the whole mitochondrial genome and samples of nuclear loci, including supercontigs 1.1 and 1.5 as well as several previously characterized coding regions. We found support for a shared ancestry among lineages US11 and US18 from the mitochondrial genome as well as from one nuclear haplotype on each supercontig analyzed. The other nuclear haplotype from each sample assorted independently, indicating an independent ancestry. We found no support for emergence of any other of the U.S. lineages from a common ancestor shared with the other U.S. lineages. Each of the U.S. clonal lineages fit a model where populations of new clonal lineages emerge via migration from a source population that is sexual in nature and potentially located in central Mexico or elsewhere. This work provides novel insights into patterns of emergence of clonal lineages in plant pathogen genomes.
Many plant pathogens are characterized as having a clonal or partially clonal lifestyle. The advent of molecular markers has facilitated the inference of clonality in populations (Milgroom 1996) . Genotyping of emerging or reemerging pathogen populations that cause epidemics provides the ability to determine whether newly genotyped populations share ancestry with those characterized previously and whether populations contain the same clonal lineages . Such comparisons are facilitated by a molecular marker system and nomenclature that refers to the genotypes revealed by that marker system Grünwald et al. 2009 ). When a comparison matches a characterized strain, phenotypic behavior of the newly discovered strain may be assessed. For example, when a newly isolated, clonal strain matches an existing strain that has resistance to a fungicide, it may be assumed that this new strain is likely to have resistance as well (Saville et al. 2015) , although these correlations are not absolute and mutations can occur within a clone that might affect phenotype. Clonality also allows development of lineage-specific markers that can facilitate more rapid identification (Gagnon et al. 2014) .
Often, the assumption is made that strains sharing the same multilocus genotype and, thus, sharing identity by state (IBS) across all loci also share identity by descent (IBD) (Carbone and Kohn 2004; Grünwald and Goss 2011) . However, IBS may not reflect IBD because lineages with the same genotype might have arisen from different ancestors. For example, presence of a shared allele might have occurred via homoplasy. Conversely, when strains do not share IBS, they might still share ancestry because one or more mutations might have accumulated in loci in another line. Here, we reassess the concept of clonal lineage in the potato and tomato late-blight pathogen Phytophthora infestans, considered to be one of the top 10 oomycete pathogens worldwide (Kamoun et al. 2015) , to determine whether IBD is the case among U.S. lineages of P. infestans.
The concept of clonal lineages in P. infestans has a long history in plant pathology. A clonal lineage, by definition, consists of individuals sharing IBD but showing some accumulated mutations within lineages as lineages diverge in space and time, typically leading to gradual clonal divergence. The restriction fragment length polymorphism probe RG57 (Goodwin et al. 1992 ) was the first molecular marker system employed to diagnose lineages of P. infestans. Subsequently, other markers, such as the allozymes glucose-6-phosphate isomerase and peptidase, as well as mating type, were employed to diagnose the U.S. lineages (Goodwin et al. 1995) . As new marker systems such as mitochondrial haplotypes were developed (Griffith and Shaw 1998) , they were also used to help assign individuals to lineages and identify new lineages. This has resulted in a recipe of molecular markers implemented to diagnose lineages of P. infestans used to date (Adler et al. 2004; Alkher et al. 2015; Cooke and Lees 2004; Drenth et al. 1993; Fry and Goodwin 1997a,b; Fry et al. 1993 Fry et al. , 2013 Hu et al. 2012; Li et al. 2013; Petchaboon et al. 2014; Peters et al. 2014; Wangsomboondee et al. 2002) . A similar approach has been used to characterize the population behavior of other clonal Phytophthora pathogens such as P. ramorum (Kamvar et al. 2015) .
The United States has witnessed the emergence of a number of lineages of P. infestans over the past few decades. Prior to the early 1990s, populations of P. infestans throughout most of the world were considered to be a single clonal lineage, US1 (Goodwin et al. 1994) . During the 1990s, the United States witnessed a reemergence of late blight (Fry and Goodwin 1997a,b) . Among the lineages described during this period were lineages US8 and US11, both resistant to the fungicide metalaxyl. More recently, these lineages have been largely replaced by new lineages (Fry et al. 2013; Hu et al. 2012) , including US22, US23, and US24, which are susceptible to metalaxyl. The latter two lineages remain abundant today. An understanding of the evolutionary relationships among these lineages could provide an understanding of how these epidemics emerge. At this point, it is not clear whether a given clonal lineage arose from another clonal lineage by mutation, recombination, or other genetic mechanisms (Fig. 1B, C , and D) (Fry et al. 2013; Martin et al. 2014; Yoshida et al. 2013) or independently from a source population, possibly outside the United States, via migration (Fig. 1A ).
An evolutionary perspective can address many of the challenges associated with the identification of clonal lineages. From an evolutionary perspective, a clonal lineage is a nonidentical population of closely related lineages sharing IBD. Here, we examine whether clones of the late blight pathogen P. infestans arose from a single immigrant, shared ancestor (Fig. 1B, C, or D) or are independent migrants from a source population (Fig. 1A) . We sampled published whole-genome sequences and resequenced additional strains of P. infestans using Illumina technology to infer whether strains belonging to different clonal lineages observed in the United States share IBD by sampling different genetic loci and regions in these genomes.
MATERIALS AND METHODS
Analysis of microsatellites. Microsatellite data were obtained from http://Phytophthora-id.org/ ) and, therefore, contain samples different from the mitochondrial and genomic datasets presented below. Microsatellite analysis based on protocols developed by Li et al. (2013) was used to ensure that the strains we used for wholegenome sequencing were, indeed, placed into the respective clonal lineages and could reproduce relationships shown by Fry et al. (2013) . Isolates belonging to the predominant U.S. clonal lineages US8, US11, and US22 to -24 were included with a reference panel available at http:// Phytophthora-id.org/ . Simple-sequence repeat data were analyzed using the neighbor-joining algorithm based on Bruvo's distance and 1,000 bootstrap replicates (Kamvar et al. 2014) . The resulting tree was plotted in R (R Core Team 2015) using ape (Paradis et al. 2004) .
Analysis of the mitochondrial genome. Samples from previously published sources as well as novel sequencing were used in the analysis of the mitochondrion (Table 1) . Characterization of the 12 new samples is presented in Table 1 . Sequence reads from several sequencing technologies were mapped to the P. infestans IIa mitochondrial genome (Avila-Adame et al. 2006; Broad Institute 2014) (note that analyses used the version from the Broad Institute) using bwa mem 0.7.10 (Li 2013; . The aligned SAM files were converted to BAM format, sorted, had mate coordinates and related flags filled (for paired-end reads), and indexed with SAMtools ). To improve the alignment of the reads, the GATK's RealignerTargetCreator and IndelRealigner were used McKenna et al. 2010 ; Van der Auwera et al. 2013 ). The reads from isolates P10127, P10650, P11633, P12204, P1362, P6096, and P7722 were determined by GATK to have unusually high-quality scores, indicating a legacy encoding. These samples were rerun using the GATK's '-fix_misencoded_quality_scores' option. After realignment, the MD tags were created with SAMtools calmd ). Variants were called using the GATK's HaplotypeCaller, setting the ploidy level to one. Variants were filtered for quality by selecting only variants with a cumulative coverage between 1 × 10 3 and 6 × 10 3 and a mapping quality between 59.8 and 60.2. A 2-kbp indel differentiates the type I and type II mitochondrial haplotypes (Avila-Adame et al. 2006 ). This indel includes Orf99 through Orf198 or positions 4,400 to 6,650 in the type IIa sequence obtained from the Broad Institute. This region was excluded from analyses using the vcfR package (Knaus and Grunwald in press) and custom scripts in the R language (R Core Team 2015). Inference of phylogeny was performed with RAxML (Stamatakis 2014 ) using the GTRCAT model and 1,000 bootstrap replicates. The resulting tree was plotted in R (R Core Team 2015) using ape (Paradis et al. 2004) .
Analysis of nuclear loci. Two large supercontigs, supercontig_1.1 (6,928,287 bp) and supercontig_1.5 (4,768,765 bp), were analyzed similarly to that of the mitochondrial DNA, except that reads were mapped to the T30-4 reference (Haas et al. 2009 ). To handle alignments around indels, a second round of bam improvement was performed. After genotype calling, the genotypes were phased using beagle4 (Browning and Browning 2007) . Beagle4 also imputed genotypes but, due to a lack of family structure in our dataset, we were concerned that this may not have been effective. To mitigate our concerns, imputed genotypes were rescored as missing data (using output from the GATK haplotype caller). In order to avoid the inclusion of variants with anomalous coverages (e.g., no data or excessively high coverage), a 90% confidence interval for variant coverage was made by using the 5th and 95th quantiles of variant sequence depth for each sample. This confidence interval was then used to score variants with anomalous coverage as missing data. To focus variant calling on the highestquality portion of each supercontig, variants were only retained when they were within the coordinates of core orthologous genes. Core orthologous genes were determined as genes that were conserved in P. infestans, P. sojae, and P. ramorum as being orthologous and occurring as a single-copy locus (Haas et al. 2009 ). Because of this conservation, we assume that these loci represent a high-quality fraction of the genome. The resulting sequences were used to infer phylogeny using the likelihood method of RAxML (Stamatakis 2014 ). Because we used the phased haplotypes, each sample was represented twice in the analysis, once for each haplotype, based on the assumption that P. infestans is diploid. The resulting trees were plotted in R (R Core Team 2015) using ape (Paradis et al. 2004) . In order to explore heterozygosity among the samples, the number of heterozygous positions per sample for the core orthologous genes on supercontigs 1 and 5 were calculated and violin plots were created in ggplot2 (Wickham 2009 ).
To allow for comparison with previous work based on single genes, we extracted several genes from our above workflow for single-gene analyses. This is intended to provide a perspective on how singlegene analyses may compare with inferences based on supercontigs. The genes b-tubulin (PITG_00156) and PITG_11126 were used for comparison with previous work (Blair et al. 2008; Gómez-Alpizar et al. 2007; Goss et al. 2011 Goss et al. , 2014 Kroon et al. 2004; Oliva et al. 2010) . We also selected two core orthologs from supercontig_1.1 and supercontig_1.5, each which were close to 1,000 bp (i.e., could theoretically be polymerase chain reaction amplified and spanned by two Sanger sequencing reactions) and had a number of segregating sites that were representative of the core orthologs. This search resulted in the selection of genes encoding NEP1 (PITG_00142) and trafficking protein particle complex subunit 6B (PITG_00953) from supercontig_1.1, and SNARE (PITG_04424) and Serin S09X (PITG_04066) from supercontig_1.5 (Table 2) . Variant information for these loci was extracted from the genomic data and sequences were constructed from them (no Sanger sequencing was performed for data presented here). These genes were analyzed using a Bayesian coalescent approach to reconstruct phylogenetic relationships using BEAST 2.3.0 (Bouckaert et al. 2014) . To set the priors for the analysis in BEAST, we obtained the most likely models of nucleotide substitution for each alignment using jModelTest 2.1 (Darriba et al. 2012) . BEAST analyses were conducted with independent Markov chain Monte Carlo (MCMC) simulations of 10 million iterations for each locus. For each MCMC run, we sampled every 1,000 generations and discarded nonstationary samples after a burn-in of 2.5 million iterations. Effective sample size estimates were typically greater than 200 and parameter trace plots supported good MCMC mixing at each locus. Maximum clade credibility trees were obtained using TreeAnnotator in the BEAST suite using common ancestor heights. The final tree was visualized in FigTree 1.3.1 (Rambaut and Drummond 2009) .
In order to provide an analysis that is complementary to the inference of phylogeny, unsupervised clustering was performed on the variants of supercontigs 1.1 and 1.5 used for phylogeny. The software fastSTRUCTURE (Raj et al. 2014 ) uses plink format files as input. The VCF format files were converted to plink format using VCFtools version 0.1.12b (Danecek et al. 2011 ). The *.bim and *.bam format files were created using plink v1.07 (Purcell et al. 2007 ). The software fastSTRUCTURE was used to infer the probability of group membership for each sample, where the number of groups ranged from two to five. The fastSTRUCTURE script structure.py was used to infer probability of group membership and the script chooseK.py was used to infer the optimal number of clusters. The results were plotted in R (R Core Team 2015).
Estimation of divergence times for US1 and US22. In order to estimate the divergence times of the lineages US1 and US22 from their respective ancestors, the mean number of substitutions per site was extracted from the likelihood tree inferred for supercontig_1.1. The number of nucleotides contained in the core orthologs for supercontig_1.1 was then multiplied by the mean number of substitutions for each branch to estimate the number of substitutions which define each branch. This value represents the number of substitutions that mark the collective divergence of each lineage from their ancestor in the sample. In order to convert this number to a rate, the number of years since the Great Famine (170 years) and the time since displacement of US1 in North America (25 years) were used. Data availability. Microsatellite, mitochondrial and nuclear data are deposited at United States Department of AgricultureAgricultural Research Service National Agricultural Library Ag Data Commons (Knaus et al. 2015) .
RESULTS
To infer relationships among clonal lineages, we studied the genetic relationships of U.S. lineages and a global reference population using microsatellites, the mitochondrial genome, and single-nucleotide polymorphisms observed in core orthologs at the nuclear supercontigs 1.1 and 1.5 and at six individual genes.
Analysis of microsatellites. The microsatellite analysis supported clustering of P. infestans lineages US11, US22, and US23 with at least 90% bootstrap support and US24 with at least 70% bootstrap support (Fig. 2) , confirming prior microsatellite work and the relationships shown in Figure 1B (Fry et al. 2013) . A notable exception from the support of U.S. lineages is that the strains included for lineage US8, represented by five samples, did not cluster at a significant level and appeared in two clusters (Fig. 2) . Although strains belonging to the U.S. lineages typically clustered together, there is no support for relationships among these lineages. Genetic variation within clonal lineages is also observed, reinforcing the concept that clonal lineages are not strictly identical and undergo clonal divergence.
Analysis of the mitochondrial genome. Inference of phylogenetic placements using the whole mitochondrial genome, excluding indels, based on observed single nucleotide polymorphisms is shown in Figure 3 . Notable results from this analysis were that many U.S. lineages do not form a well-supported clade. Isolates from Germany (DDR7602), South Africa (LBUS5), Mexico (P1362), and Peru (P6096) are considered to be US1 (Kamoun et al. 1998; Yoshida et al. 2013 ) and formed a supported clade with an isolate from Hungary (P11633). The samples from lineages US8 and US22 formed a significantly supported clade (bootstrap support greater than 90%), which suggests a relationship among these lineages. The sample USA 1306a formed a supported clade with lineages US11 and US18. Sister to this clade was a well-supported clade of isolates from Ecuador and The Netherlands.
Analyses of the nuclear genome. Phytophthora core orthologous genes from supercontigs_1.1 and 1.5 were filtered for loci determined to be of typical sequence coverage. Summaries of the breadth of coverage and mean coverage are presented in Supplementary Figs. S1 and S2. Inference of phylogeny from phased haplotypes of supercontig_1.1 and supercontig_1.5 resulted in trees with 62 tips, showing two haplotypes per sample ( Fig. 4; Table 1 ). Of the 1,043 predicted genes on supercontig_1.1 (Haas et al. 2009 ), 571 were core orthologs, with at least one segregating site. Of the 373 predicted genes on supercontig_1.5, 108 were core orthologs, with at least one segregating site. Core orthologs from supercontigs 1 and 5 tended to be approximately 1 to 2 kbp in length ( Fig. 5A and B) but also included genes that were several kilobase pairs in length. These genes contained approximately 20 segregating sites each ( Fig. 5C and  D) , with nucleotide diversities of approximately 0.001 ( Fig. 5E and F) .
Phylogenetic inference of the core orthologs of supercontig_1.1 resulted in several well-supported clades (Fig. 4A) . The lineage US1 was represented by samples from Germany (DDR7602), South Africa (LBUS5), Hungary (P11633), Peru (P6096), and Mexico (P1362). Both haplotypes of this lineage formed a clade. Both haplotypes from samples of FP-GCC (US11) and P10127 (US18) and an isolate from California (1306a) formed a well-supported clade; however, the relationship among the two haplotypes within each strain was not supported. Clonal lineage US22 formed a wellsupported clade including both haplotypes from all three samples. The lineages US8, US23, and US24 did not form well-supported clades and were, instead, distributed among clades with low support.
Phylogenetic inference of the core orthologs of supercontig_1.5 resulted in subtle differences from inferences based on supercontig_1.1 (Fig. 4B) . Haplotypes from lineages US1 formed a clade. However, instead of forming one well-supported clade, the only well-supported relationship was among the haplotypes from Germany (DDR7602) and South Africa (LBUS5), which formed two separate clades, one for each haplotype. The remaining US1 samples clustered with low support. In contrast to the analysis of supercontig_1.1, samples from US11 and US18 show one haplotype as forming a well-supported clade while the samples from the other haplotype appeared unrelated. Finally, isolates from clonal lineage US22 formed supported clades for each haplotype, and these two clades were supported with bootstrap support greater than 70%.
Unsupervised clustering of core orthologous genes from supercontigs 1.1 and 1.5 resulted in support for the lineage US1 belonging to a group separate from the rest of the sample (Supplementary Figs. S9 and S10). Clustering based on core orthologous genes from supercontig_1.1 resulted in samples of US1 being different from all other strains for all numbers of groupings tested. Although the optimal number of groups was two, when the number of groups was specified as five, the samples from US22 formed a group. This may be due to this lineage's relatively high representation (n = 3) in the data set. Analysis based on supercontig_1.5 similarly supported the samples of US1 forming a group. The model complexity that maximized the marginal likelihood was two and the model components used to explain structure in the data were four, as opposed to a value of two for both derived from the analysis of supercontig_1.1. At values of K = 3 though K = 5, samples of US22 formed a group. At groupings of K = 4 and K = 5, US23 clustered, at least in part, with samples from Europe (T30-4, 90128, NL07434, P12204, and 13_A2) as well as with samples from Mexico (PIC99189 and PIC97335) and Ecuador (P13527 and P13626).
Analyses of six representative genes failed to consistently reveal a pattern of kinship among the U.S. lineages of P. infestans. Locus b-tubulin (PITG_00156) (Supplementary Fig. S3 ) resulted in a large, well-supported clade containing many of the strains. However, there was no supported topology within this large clade. Three other branches were well supported, one including one of the haplotypes for US22, but the other two were not congruent with other analyses. Analysis of a conserved hypothetical protein (PITG_11126) (Supplementary Fig. S4 ) resulted in two well-supported clades containing most individuals, with no support for the internal a Gene predictions were obtained from the annotations provided at the Broad Institute. Other commonly used genic regions found in the literature were identified as being multicopy genes and, hence, were not used in our analyses and included elongation factor 1a, enolase, heat shock protein 90, tigA gene fusion protein, and actin.
structure. One of the haplotypes of US1 formed a clade, as did one of the haplotypes of US23. Locus NEP1 (PITG_00142) (Supplementary Fig. S5 ) resulted in a well-supported clade for one of the haplotypes of US23 as well as one of the haplotypes of US1 but little else of relevance to the U.S. lineages. Analysis of trafficking protein particle complex subunit 6B (PITG_00953) ( Supplementary  Fig. S6 ) similarly resulted in a well-supported clade for one of the haplotypes of US1. However, it also included a haplotype from sample 90128, a finding not supported in other analyses. The locus SNARE (PITG_04424) (Supplementary Fig. S7 ) resulted in support for a clade consisting of one of the two haplotypes in the US1 clade found in other analyses but also included haplotypes from Ecuador (P13527_1 and P13626_1) as well as Scotland (P12204_0), a relationship not inferred in other analyses. One of the US23 haplotypes also formed a supported clade. Much of the remainder of the sample was unresolved. Analysis of Serin S09X (PITG_04066) ( Supplementary Fig. S8 ) resulted in a supported clade for one of the US1 haplotypes but also included samples from Great Britain (13_A2) and The Netherlands (NL07434_1), a relation not inferred in other analyses. In general, analyses of these candidate loci resulted in poorly resolved trees that lacked support for clades found in the nuclear, mitochondrial, and microsatellite analyses. Thus, these genetic loci did not provide further insights into the complex history of U.S. clonal lineages.
Comparison among analyses. As presented in detail above, our inferences of the evolutionary relationships among the U.S. lineages of P. infestans based on various genomic regions and loci, including microsatellites, the mitochondrial genome, and nuclear regions (including supercontigs 1.1 and 1.5), as well as six genetic loci, resulted in clades that were not consistent among different datasets. Results that were consistent among the analyses included a US1 clade, a US11 and US18 clade, and a US22 clade. None of the Fig. 2 . Neighbor-joining tree based on 12 microsatellites and Bruvo's distance for Phytophthora infestans. Circles at nodes are shaded according to bootstrap proportion (based on 1,000 replicates), where black is greater than 90%, gray is 70 to 90%, and white is below 70%. Strains that are members of a U.S. clonal lineage have been shaded by lineage (colored in the online version). results provided strong support for scenarios inferred by previous studies (Figs. 1B, C, or D) (Fry et al. 2013; Martin et al. 2014; Yoshida et al. 2013) . The clustering based on mitochondrial data and one of the two nuclear haplotypes in the US11 and US18 strains provides evidence for a shared ancestral haplotype while the other nuclear haplotype assorts independently (Figs. 3 and 4) . The lineages US8, US23, and US24 did not form well-supported clades that were shared with other U.S. lineages in the data presented.
Estimation of divergence times for US1 and US22. Among the core orthologous genes analyzed on supercontig_1.1 were a total of 1,096,137 nucleotides. The average number of substitutions per site for the branch leading to the US1 clade was 1.1 × 10 _ 3 . When multiplied by the number of nucleotides in the core orthologous genes of supercontig_1.1, it resulted in 1,147.1 substitutions that differentiate US1 from its inferred ancestor. The average number of substitutions per site for the branch leading to the US22 clade was 7.2 × 10 _ 4 . When multiplied by the number of nucleotides in the core orthologous genes of supercontig_1.1, it resulted in 787.8 substitutions that differentiate US22 from its inferred ancestor. From these estimates of the number of substitutions, two mutation rates were calculated for each lineage based on the number of years since the Great Famine and years since the displacement of US1. Using 170 years since the Great Famine and 25 years since the displacement of US1 in North America as denominators, we get 6.16 × 10 _ 6 and 4.18 × 10 _ 4 substitutions per site per year that would be required for our observed divergence to be realized within these proposed time frames. Similarly, a rate of 4.23 × 10 _ 6 and 4.18 × 10 _ 5 substitutions per site per year would have had to occur to observe the amount of divergence in the data to explain a divergence over the 170 years since the Great Famine or the 25 years since the displacement of US1.
DISCUSSION
Are U.S. clonal lineages related? A specific objective of our work was to determine whether any of the dominant U.S. clonal Fig. 4 . Maximum-likelihood phylogeny (RAxML) with bootstrap values (based on 1,000 replicates) based on core orthologs found on A, supercontig_1.1 and B, supercontig_1.5 of Phytophthora infestans. Supercontig_1.1 is the longest supercontig and is relatively gene dense. Supercontig_1.5 has the highest incidence of RxLR genes and is relatively gene-sparse. Circles at nodes are shaded according to bootstrap proportion, where black is greater than 90%, gray is 70 to 90% and white is below 70%. Strains that are members of a U.S. clonal lineage have been shaded by lineage (colored in the online version). Branches used for estimates of divergence time for US1 and US22 are wider than others (colored red in the online version).
lineages of P. infestans might have emerged from another U.S. lineage. We found evidence supporting two distinct mechanisms. First, US11 and US18 shared one nuclear haplotype that formed a clade on both supercontig_1.1 and 1.5 but not the second nuclear haplotype that assorted independently. This pattern was supported by the clustering of the mitochondrial haplotypes as well. Thus, it appears that US11 and US18 share ancestry for one haplotype but not the other. Second, we did not find any evidence to suggest that any other U.S. clonal lineages share IBD across the various genetic regions analyzed. Phytophthora spp. are diploid and, thus, have two haplotypes at each nuclear locus. Thus, at any given nuclear locus, we would expect to find at least one haplotype that is inherited from a previously existing clonal lineage. Instead, we found that alleles in different regions are assorting themselves independently, as expected for a sexual population.
Lineages US11 and US18 and isolate 1306a demonstrated a close affinity to each other. The isolate referred to as 1306a was collected from California in the early 1990s (Cvitanich and Judelson 2003; Vartanian and Endo 1985) but has not been typed with the RG-57 probe to determine clonal lineage. Lineage US11 is important Fig. 5 . Summary statistics for the 571 core orthologs from supercontig_1.1 and 108 core orthologs from supercontig_1.5 of Phytophthora infestans which contained at least one segregating site. Length of sequences for A, supercontig_1.1 (mean = 1919.7 bp) and B, supercontig_1.5 (mean = 1685.9). Number of segregating sites for C, supercontig_1.1 (mean = 26.3 sites) and D, supercontig_1.5 (mean = 24.4 sites). Nucleotide diversity (p) for E, supercontig_1.1 (mean = 0.00094) and F, supercontig_1.5 (mean = 0.001).
because it was one of the predominant lineages of the reemergence of P. infestans in the United States during the 1990s and it has been characterized as having resistance to the fungicide metalaxyl (Fry and Goodwin 1997b) . The relationship among US11 and US18 provides an example of independent haplotype sorting among different genetic loci and is consistent with a scenario where (i) US11 and US18 share a common ancestor or (ii) either US11 or US18 was derived from the other clonal lineage. Either way, both US11 and US18 appear to be the product of a cross with an unknown donor ancestor for the second homologous haplotype and potential migration after recombination. Gavino et al. (2000) performed a cross between lineages US6 and US7 and, based on the RG57 banding pattern of the progeny, concluded that US11 was derived from this cross. The lineages US6 and US7 are thought to be extinct in the wild but may currently exist in culture collections. The inclusion of these isolates in future studies may provide new insights on the relations inferred here as well as those presented by Gavino et al. (2000) .
Lineage US22 has been characterized as part of the most recent pandemic (Fry et al. 2013) . This lineage has been described as sensitive to mefenoxam (Fry et al. 2013 ). Analyses of microsatellites, the mitochondrion, and supercontig_1.1 support multiple samples of US22 forming a well-supported clade. However, the clade from the tree inferred from mitochondrial data included well-supported relationships among samples of US8 intermixed with US22, a relationship not supported in the other analyses. The mitochondrion and one of the nuclear haplotypes are expected to be maternally inherited from generation to generation. This provides the expectation that inferences based on the mitochondrion should be reflected in the nuclear data; however, they are not. This is an example of a statistically significant result that is supported by one fraction of the genome but not elsewhere, and perhaps an important consideration when interpreting findings of statistical support. For example, regions of the genome that consist of a large linkage block may resolve well statistically. Regions that have more frequent recombination or less polymorphism to record their pattern of descent may not resolve well. Therefore, this mosaic nature of closely related genomes may be better represented as ancestral recombination graphs (Rasmussen et al. 2014 ). However, we feel that these recently presented methods may still present technical challenges in their implementation.
The lineage US1 is represented in the sample by isolates DDR7602 (reported to be US1 by Kamoun et al. [1998] ) as well as isolates from South Africa (LBUS5), Peru (P6096), and Mexico (P1362) (reported as US1 by Yoshida et al. [2013] ). Our analysis also included the sample P11633 from Hungary as part of this grouping. This lineage is important because it was considered historically to be the lineage that caused the Great Famine (Goodwin et al. 1994) , although recent work indicates that, instead, it may have been a member of the same metapopulation (Yoshida et al. 2013) . Prior to the early 1990s, US1was thought to be globally distributed. Since the emergence of new strains in the United States and Europe, it has been displaced (Cooke et al. 2012; Fry and Goodwin 1997a,b; Fry et al. 2013) . However, it remains present in regions of Africa (Njoroge et al. 2015) and Asia (Petchaboon et al. 2014) . Although the US1 lineage was absent from our microsatellite data set, it formed well-supported clades in the mitochondrial tree (Fig. 3) as well as supercontig_1.1 (Fig. 5) . The tree inferred from supercontig_1.5 (Fig. 5) showed clades for each haplotype of US1; however, there was no support for a close relationship among these two haplotypes. The distinctiveness of this lineage was also confirmed by unsupervised clustering (fastSTRUCTURE). The concept of this lineage as being one of the oldest U.S. lineages is consistent with it being relatively well defined, because most markers and analyses captured its presence. However, no wellsupported relationships for this lineage were inferred, suggesting it to be a unique migrant from a sexual population probably located in central Mexico (Goodwin et al. 1994 ).
Lineages US8, US23, and US24 did not demonstrate strong relationships to other lineages. For example, in the microsatellite analysis (Fig. 2) , US8 formed at least two unsupported clades. In the mitochondrial analysis, US8 showed a strong alliance with US22. However, this relationship was not supported in the analyses of supercontig_1.1 or 1.5. The distant relationship of the two haplotypes which make up US8 in this data may be an indication that the ancestors of this lineage were distantly related individuals. Heterosis that may have resulted from this cross may have contributed to this lineage's pathogenicity. The lineage US23 is similar, in that it formed a supported cluster in the microsatellite analysis. It also formed a supported clade in the mitochondrial analysis. Analyses of supercontig_1.1 and 1.5 show a distant relationship among the two haplotypes, again suggesting that the ancestors of this lineage may have been highly unrelated. Inferences from US24 are less robust due to its representation by a single sample but it shows a pattern similar to that of US8 and US23, where microsatellites show a significant cluster, the mitochondrion does not reveal significant relationships, and the supercontig fractions show a distant relation among each haplotype. A general lack of significant phylogenetic relationships among these lineages is perhaps best interpreted as being due to their relatively recent origin, where there has not been sufficient evolutionary time for the evolution of shared, derived mutations to identify these lineages. This recent origin may also be confounded by our attempt to analyze many genes if they actually lack a common pattern of descent.
Analyses of the six select genes appear in congruence with the above interpretations of the lineages US1 and US22 forming individual clades and an inferred relationship among US11 and US18. Little bootstrap support exists for the clades discussed above in any of these genes. A paucity of phylogenetically informative sites appears to have resulted in phylogenies where a small number of variants may drive support for a clade. The general lack of variants has resulted in little conflict among the characters and support for only a small number of clades. This appears congruent with the idea that these lineages are recently derived sexual progeny that may lack unique mutations to mark them at these loci, as well as the possibility that different loci may represent different patterns of descent within the group. This data are also in line with the observed shared ancestry of US11 and US18, given the lack of statistical support for clustering at the branch tips.
Ploidy in P. infestans. We have treated P. infestans as a diploid. This is important because, to our knowledge, no existing variant caller will infer ploidy. Instead, it needs to be specified as a single level of ploidy during variant calling. Our assumption of diploidy is consistent with other genomic treatments of P. infestans Raffaele et al. 2010; Yoshida et al. 2013) . Some authors have argued that some strains of P. infestans are not simple diploids (Li et al. in press; Yoshida et al. 2013 ). This fact could affect inferences presented here as well as throughout the P. infestans literature. In theory, if we knew which samples are of which ploidy level, we could call variants accordingly. It is possible, however, that this could be even more complicated in that only portions of any particular genome may vary in ploidy, in which case we would need to know the genomic coordinates for which fractions of which genomes are of a certain ploidy. The analyses presented here are accurate to the best of our knowledge. However, if it were to subsequently become known that some of the samples were of a different ploidy, it could dramatically affect our results, as well as those reported in the literature that have made the same assumptions. We believe that the two variants per locus we were able to call are real but that, in polyploid species, we might have missed detection of additional alleles.
Recombination and the analysis of P. infestans genomes. Phylogenetic inference relies on the assumption that there is a single path of descent through the generations; that is, there is a lack of recombination (Lanier and Knowles 2012). Model-based clustering methods such as structure (Pritchard et al. 2000) , admixture (Alexander et al. 2009 ), and fastSTRUCTURE (Raj et al. 2014) are at the opposite end of the spectrum, where they assume each locus to be independent due to recombination. We are aware that our fastSTRUCTURE analysis probably violates these assumptions when applied to individual supercontigs and, thus, it is provided with caution and shown only in the Supplementary Materials for reference. Note that the authors of the original Structure software do provide an example of its use in bacteria, where little recombination and clonality can be expected (Falush et al. 2003) . The choice of the most appropriate analytical tool for the analysis of P. infestans is particularly challenging due to the mixed reproductive modes. At its center of origin in Mexico, sexual structures are observed and the populations are considered to be sexually reproducing (Goss et al. 2014; Grünwald et al. 2001 ). In the United States, no sexual structures are observed and the populations are considered to be clonal (Fry and Goodwin 1997a; Fry et al. 2013 ). To our knowledge, there is no analytical tool currently available that allows for the analysis of both sexual and clonal populations in the same analysis. Instead, we employed both types of analyses with the expectation that violations of the analysis have occurred in both analyses.
Are the clonal lineages recently evolved? The lineages of P. infestans are numbered in the order of description or observation (Forbes et al. 1998 ). An inherent pitfall of this system is the desire to assume some sort of evolutionary relationship among U.S. lineages ). We find no evidence for the U.S. lineages to be derived from one another, with the exception of the relationship among US11 and US18. In the absence of supported relationships, we feel a more likely scenario is that the U.S. lineages are independent migrants from a standing pool of genetic diversity present at a center of origin such as Mexico (Goss et al. 2014; Grünwald and Flier 2005) or a cryptic, sexual population elsewhere.
In order to explore the age of two select lineages, we estimated two mutation rates each for the divergence of the clades containing the lineages US1 and US22. The amount of divergence we observed in the present data during the time since the Great Famine or since the displacement of US1 from North America would require mutation rates on the order of 10 × 10 _ 6 to 10 × 10 _ 5 substitutions per site per year. For context, the spontaneous mutation rate for Arabidopsis thaliana has been estimated to be 7 × 10 _ 9 substitutions per site per generation (Ossowski et al. 2010) . Similarly, mutation rates in humans are considered to be on the order of 10 _ 8 to 10
_ 9 substitutions per site per generation (Scally and Durbin 2012) . Mutation rate estimates for these well-characterized genomes are orders of magnitude slower than our estimates, which attempt to place divergence of the U.S. lineages in the early 1990s or even the mid-19th century. Based on this information, we can conclude that there either would have to be great selective pressure to drive this mutation rate or, the scenario we prefer, these lineages are much older than 170 years old. By using only the amount of collective divergence of the lineage (that is, the time from the lineage's most recent common ancestor to its ancestor), we have provided an underestimate of each lineage's age. Each lineage's age may be better represented by including the mutational length of branches from the most recent common ancestor to the tips. This inclusion would add mutations to the numerator of our estimate without changing the denominator, resulting in an even higher estimate. If we assume that error is uniformly distributed, then it is unlikely for technical error to change two samples to the same state. The result is that most technical error will be unique to a sample and contribute to long tips in the phylogeny Therefore, our choice of focusing on the amount of collective divergence for each lineage should be considered very conservative. The divergence of mitochondrial haplotypes I and II was estimated to have occurred during the 14th (Martin et al. 2014) or 16th centuries (Yoshida et al. 2013) , reinforcing the idea that these lineages predate their emergence in the United States during the late 20th and early 21st centuries. This suggests that these lineages may have been present in their center of diversity in Mexico and recently dispersed to the United States or, alternatively, may have existed undetected in the United States for several centuries. Our analyses of a sample available to us of the over 20 U.S. lineages identified since the 1990s using nuclear and mitochondrial sequences failed to generate a well-supported phylogeny, except for US11 and US18. Although an individual locus might have suggested phylogenetic relationships among clonal lineages, the genome-wide analysis seems to indicate independent origins of the U.S. lineages. Furthermore, these lineages appear to be much older than their description in the literature. This indicates that the U.S. lineages may have been independent and ongoing introductions of P. infestans from a center of diversity, such as central Mexico. This work provides an initial perspective on the genomic history of the U.S. lineages of P. infestans. Identification of linkage blocks, which form the unit of descent among generations, may become a critical element in future attempts to infer relationships among U.S. lineages. As we continue to explore this genomic landscape, this perspective of U.S. lineages containing the hallmark of ancestral recombination may contribute to our attempts to identify genes important for host adaptation or other traits.
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